The aims of the present study were to investigate the expression of toll-like receptor 2 (TLR2) in muscle and white adipose tissue (WAT) of diet-induced obesity (DIO) mice, and also the effects of its inhibition, with the use of TLR2 antisense oligonucleotide (ASON), on insulin sensitivity and signaling. The expression of TLR2 was increased in muscle and WAT of DIO mice, compared with those that received standard chow. Inhibition of TLR2 in DIO mice, by TLR2 ASON, improved insulin sensitivity and signaling in muscle and WAT. In addition, data show that the inhibition of TLR2 expression prevents the activation of IKBKB, MAPK8, and serine phosphorylation of IRS1 in DIO mice, suggesting that TLR2 is a key modulator of the crosstalk between inflammatory and metabolic pathways. We, therefore, suggest that a selective interference with TLR2 presents an attractive opportunity for the treatment of insulin resistance in obesity and type 2 diabetes.
Introduction
Obesity is associated with insulin resistance and a state of abnormal inflammatory response (Kadowaki et al. 2003 , Bray 2004 , Tsukumo et al. 2007 . There is convincing evidence that the activation of the MAPK8, IKK, and NOS2 (Perreault & Marette 2001 , Yuan et al. 2001 , Hirosumi et al. 2002 , Lee et al. 2003 , Carvalho-Filho et al. 2005 pathways is related to the reduction in insulin sensitivity, but it has only recently been shown that these pathways may be integrated to cause insulin resistance by the activation of membrane receptors, such as toll-like receptors (TLRs; Aderem & Ulevitch 2000 , Shi et al. 2006 , Tsukumo et al. 2007 .
There are at least 11 members of the TLR family in humans and 13 in mice (Takeda & Akira 2004 ). TLRs play a crucial role in the recognition of invading pathogens and the activation of subsequent immune responses against them. Individual TLRs recognize distinct pathogen-associated molecular patterns. The TLR family harbors an extracellular leucine-rich repeat domain, as well as a cytoplasmic domain that is homologous to that of the interleukin-1 receptor (IL1R1). Upon stimulation, TLR recruits IL1R1-associated protein kinases via adaptor MYD88, and finally induces the activation of nuclear factor-kB and mitogen-activated protein kinases, as well as the expression of inflammatory cytokines (Aderem & Ulevitch 2000 , Heldwein & Fenton 2002 , Akira & Sato 2003 . Preliminary studies have indicated that loss-of-function mutation and knockout in TLR4 prevents insulin resistance induced by obesity or free fatty acids, suggesting an important role of TLR4 in the interface of innate immune system and energetic metabolism (Shi et al. 2006 , Song et al. 2006 , Kim et al. 2007 , Nguyen et al. 2007 , Poggi et al. 2007 , Poulain-Godefroy & Froguel 2007 , Tsukumo et al. 2007 .
A recent study showed that palmitate treatment of differentiated C2C12 myotubes resulted in a time-dependent inhibition of insulin-activated signal transduction, through TLR2 activation (Senn 2006) . However, the role of TLR2 in insulin resistance induced by a high-fat diet in animals has not yet been investigated.
The aims of the present study were to investigate the expression of TLR2 in muscle and white adipose tissue (WAT) of diet-induced obesity (DIO) mice, and also the effects of its inhibition, by the use of TLR2 antisense oligonucleotide (ASON), on insulin sensitivity and signaling. Brazil). Human recombinant insulin was obtained from Eli Lilly. Routine reagents were purchased from Sigma Chemical, unless specified elsewhere.
Animals
All experiments were approved by the Ethics Committee at the State University of Campinas. Six-week-old Swiss mice were divided into two groups with similar body weights (20G2 g) and assigned to receive standard rodent chow and water ad libitum or a high-fat diet (DIO), consisting of 55% calories from fat, 29% from carbohydrate, and 16% from protein. Mice had free access to the diets for 2 months. Body weight was measured weekly. The insulin tolerance test was performed on these mice after 8 weeks on the diets, as described previously (Perreault & Marette 2001 , Carvalho-Filho et al. 2005 . Serum insulin was determined by RIA (Scott et al. 1981) .
TLR2 expression in gastrocnemius muscle of DIO mice
After a period of 2 months, TLR2 expression in muscle and WAT was analyzed. Abdominal cavities of anesthetized mice were opened and fragments of gastrocnemius muscle and WAT were excised and immediately homogenized in solubilization buffer at 4 8C. Later, the samples were submitted to the direct immunoblotting process, using TLR2 antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA).
TLR2 antisense (ASON) treatment of mice
After the period of 2 months, the mice that received DIO were divided into two groups, similar to those who received standard rodent chow: one group received an i.p. injection of 4 . 0 nmol TLR2 ASON (5 0 -GAG CTC GTA GCA TCC TCT-3 0 ), and another received, by the same means, 4 . 0 nmol TLR2 nonsense (NSON; 5 0 -GCT CTA TGA CTC CCA G-3 0 ), for 4 days up to 2 h before killing.
Insulin tolerance test (ITT)
Immediately before the first day of TLR2 ASON treatment, mice were submitted to an ITT, and again at 4 days after TLR2 ASON treatment. Insulin (1 . 5 U/kg) was administered by i.p.
injection and blood samples were collected at 0, 5, 10, 15, 20, 25 , and 30 min to determine serum glucose. The constant rate for glucose disappearance (K itt ) was calculated using the formula 0 . 693/t 1/2 . Glucose t 1/2 was calculated from the slope of the least-squares analysis of plasma glucose concentrations during the linear decay phase (Bonora et al. 1989) .
Insulin signaling
After the fourth day of TLR2 ASON treatment, mice were anaesthetized by i.p. injection of sodium thiopental and were used 10-15 min later, i.e., as soon as anesthesia was assured by the loss of pedal and corneal reflexes. Five minutes after the insulin injection (1 . 5 U/kg i.p.), muscle and WAT were removed, minced coarsely, and homogenized immediately in extraction buffer, as described elsewhere (Thirone et al. 2004) . Protein extracts obtained from the tissue were used for immunoblotting to analyze the insulin signaling.
Immunoprecipitation and immunoblotting
Abdominal cavities of anesthetized mice were opened and fragments of gastrocnemius muscle and WATwere excised and immediately homogenized in solubilization buffer at 4 8C (1% Triton X-100, 100 mmol/l Tris-HCl (pH 7 . 4), 100 mmol/l sodium pyrophosphate, 100 mmol/l sodium fluoride, 10 mmol/l EDTA, 10 mmol/l sodium orthovanadate, 2 . 0 mmol/l phenylmethylsulphonyl fluoride, and 0 . 1 mg aprotinin/ml) with a Polytron PTA 20S generator (model PT 10/35; Brinkmann Instruments, Westbury, NY, USA), operated at a maximum speed of 30 s. Insoluble material was removed by centrifugation for 40 min at 11 000 r.p.m. in a 70.Ti rotor (Beckman, Fullerton, CA, USA) at 4 8C. The protein concentration of the supernatants was determined by the Bradford dye binding method (Bradford 1976) . Aliquots of the resulting supernatants containing 1 . 0 mg total protein were used for immunoprecipitation with antibodies against TLR2 at 4 8C overnight, followed by SDS-PAGE, transferred to nitrocellulose membranes, and blotted with MYD88 antibodies.
In direct immunoblotting experiments, 150 mg protein extracts, obtained from gastrocnemius muscle were separated by SDS-PAGE, transferred to nitrocellulose membranes, and blotted with anti-TLR, anti-phospho [Ser-307] IRS1, antiphospho [Tyr-941] IRS1, anti-NFKBIB, anti-phospho-AKT, anti-phospho-IKKa/b, anti-phospho-MAPK8, and anti-bactin (Santa Cruz Biotechnology).
In both immunoprecipitation and immunoblotting experiments, proteins were denaturated by boiling in Laemmli buffer (Laemmli 1970) . For immunoblotting, the sample buffer contained 100 mM dithiothreitol (DTT), whereas for immunoprecipitation, 50 mM DTT was used. Specific bands were labeled with a chemioluminescence kit (Sigma) and visualization was performed by exposure of the membranes to X-ray films. Band intensities were quantified by digital densitometry (UN-SCAN-IT gel 6 . 1; Silk Scientific Inc., Orem, UT, USA) of the developed autoradiographs.
Homeostasis model assessment
The degree of insulin resistance and b-cell function were estimated by the homeostasis model assessment of insulin resistance (HOMA-IR), as described by Matthews et al. (1985) . HOMA-IR was calculated by the formula: fasting plasma glucose (mmol/l)!fasting plasma insulin (mU/l)/22 . 5.
Statistical analysis
Data are expressed as meansGS.E.M., and the number of independent experiments is indicated. For statistical analysis, the groups were compared using a two-way ANOVA with the Bonferroni test for post hoc comparisons. The level of significance adopted was P!0 . 05.
Results

Animal characteristics and effect of TLR2 ASON
The infusion of TLR2 ASON for 4 days did not change the plasma glucose or the serum insulin levels in control animals (fed standard rodent chow; Fig. 1A and B). As expected, plasma glucose and serum insulin levels were higher in DIO mice, and when these animals were treated with TLR2 ASON, there was a decrease in serum insulin levels (Fig. 1B) . The glucose disappearance rate during the ITT was lower in DIO mice, reinforcing the suggestion that these animals presented insulin resistance. The administration of TLR2 NSON to controls mice had no effect on insulin sensitivity, as measured by the ITT. In DIO mice treated with TLR2 ASON, there was an increase in glucose disappearance rate, compared with those without TLR2 ASON treatment, suggesting that inactivating TLR2 improves insulin sensitivity in these mice (Fig. 1C ). This improvement is also suggested by the HOMA-IR, which is increased in DIO mice and significantly decreased in those treated with TLR2 ASON (Fig. 1D ).
Effect of TLR2 ASON on TLR2 expression and downstream signaling in gastrocnemius muscle
Administration of TLR2 ASON for 4 days reduced TLR2 expression by 50-60% in the muscle of mice fed on standard chow. An increased expression of TLR2 was seen in the gastrocnemius muscle of mice that received DIO, compared with those that received standard rodent chow ( Fig. 2A) . Obese animals treated with TLR2 ASON showed a marked decrease in TLR2 expression in the muscle, indicating that the oligonucleotide was efficient for its purpose ( Fig. 2A) .
In order to investigate TLR2 activation, the extracts from gastrocnemius muscle were submitted to immunoprecipitation using anti-TLR2 antibody, and then to immunoblotting using anti-MYD88 antibody, since the MYD88 protein binds to TLR2 when its ligand is recognized (Tohno et al. 2007 ). There was a significant decrease in TLR2/ MYD88 interaction in control mice treated with TLR2 ASON. The co-immunoprecipitation of TLR2/MYD88 was observed to increase in the muscle of DIO mice compared with control mice, but when those obese mice were treated with TLR2 ASON, the co-immunoprecipitation of TLR2/ MYD88 decreased in the muscle (Fig. 2B ). These data suggest that TLR2 activation is increased in the muscle of DIO mice and decreased in those treated with TLR2 ASON.
Downstream from TLR2 activation, activation of the IKK/NFKBIB/NF-kB pathway occurs. The activation of IKK was investigated by the detection of its phosphorylation on serine 181. Mice fed on standard chow did not demonstrate a significant difference in IKK phosphorylation when treated with TLR2 NSON or ASON. As expected, the muscle of DIO mice presented an increased phosphorylation of IKK, while the DIO mice treated with TLR2 ASON demonstrated a decreased phosphorylation of this protein. Total IKBKB protein expression was the same in all samples (Fig. 2C) .
IKK activation was also monitored using NFKBIB protein abundance. In mice fed on standard chow, no statistically significant differences were seen between the treatment with TLR2 NSON or TLR2 ASON. Our results showed a reduction in NFKBIB protein expression in the muscle of DIO mice, suggesting that there is an activation of IKK. However, after TLR2 ASON treatment, there is a complete recovery of NFKBIB expression in this tissue. Equal protein loading in the gels was confirmed by reblotting the membranes with an anti-b-actin antibody (Fig. 2D) .
MAPK8 activation was determined by monitoring its phosphorylation (Thr183 and Tyr185). In mice fed a standard chow, the activation of MAPK8 was the same in both treatments, with TLR2 NSON and with TLR2 ASON. In a manner similar to IKK, MAPK8 phosphorylation was increased in the muscle of mice on a DIO, but decreased in those treated with TLR2 ASON. Total MAPK8 protein expression was the same in all samples (Fig. 2E) .
Effect of TLR2 ASON on insulin signaling in gastrocnemius muscle
In mice fed on standard chow, treatment with TLR2 ASON did not change insulin-induced IRS1 tyrosine phosphorylation compared with TLR2 NSON-treated mice. Insulininduced IRS1 tyrosine phosphorylation was reduced in the muscle of DIO mice, and treatment with TLR2 ASON partially reversed this alteration. Total IRS1 protein expression was the same in all samples (Fig. 3A) . Insulininduced AKT phosphorylation was also reduced in the muscle of DIO mice. However, when these mice were treated with TLR2 ASON, there was an improvement in insulininduced AKT phosphorylation. Total AKT protein expression was the same in all samples. Equal protein loading in the gels was confirmed by reblotting the membranes with an anti-b-actin antibody (Fig. 3B) . It is known that the activation of IKK and MAPK8 can induce insulin resistance, at least in part, through phosphorylation of IRS1 at Ser 307 (Hirosumi et al. 2002) . Mice fed a standard chow did not show any difference in the phosphorylation of IRS1 at Ser 307 when treated with TLR2 ASON. In DIO mice, there was an increase in the phosphorylation of IRS1 at Ser 307 in gastrocnemius muscle, and the treatment with TLR2 ASON partially reversed this alteration (Fig. 3C) .
Effect of TLR2 ASON on TLR2 expression and downstream signaling in WAT
As seen in gastrocnemius muscle, administration of TLR2 ASON for 4 days reduced TLR2 expression by 50-60% in the WAT of mice fed on standard chow. An increased expression of TLR2 was seen in the WAT of mice that received DIO, compared with those that received standard rodent chow. Obese animals treated with TLR2 ASON showed, as expected, a decreased expression of TLR2 in WAT (Fig. 4A) .
We also investigated the co-immunoprecipitation of TLR2/MYD88 in WAT and there was a significant decrease in TLR2/MYD88 interaction in control mice treated with TLR2 ASON. In DIO mice, when the samples were immunoprecipitated with TLR2 and blotted with MYD88, there was an increase in the band intensity compared with control mice. But when these mice were treated with TLR2 ASON, the co-immunoprecipitation of TLR2/MYD88 was decreased in WAT (Fig. 4B) . Mice fed a standard chow did not show a significant difference when treated with TLR2 NSON or ASON with regard to phosphorylation of IKK. As expected, WATof DIO mice presented an increased phosphorylation of IKK, while DIO mice treated with TLR2 ASON had a decreased phosphorylation of this protein. Total IKBKB protein expression was the same in all samples (Fig. 4C) . Related to NFKBIB protein expression, in mice fed on standard chow, no statistically significant differences were seen between the treatment with TLR2 NSON or TLR2 ASON. Our results showed a reduction in NFKBIB protein expression in the WAT of DIO mice, suggesting that there is an activation of IKK. However, after TLR2 ASON treatment, there was a complete recovery of NFKBIB expression in this tissue. Equal protein loading in the gels was confirmed by reblotting the membranes with an anti-b-actin antibody (Fig. 4D) .
As seen in muscle, in mice fed on standard chow, the phosphorylation of MAPK8 did not change with TLR2 ASON treatment. On the other hand, MAPK8 phosphorylation was increased in the WAT of DIO mice, but decreased in those treated with TLR2 ASON. Total MAPK8 protein expression was the same in all samples (Fig. 4E) .
Effect of the inhibition of TLR2 on insulin signaling in WAT
In mice fed on standard chow, treatment with TLR2 ASON did not change insulin-induced IRS1 tyrosine phosphorylation. Insulin-induced IRS1 tyrosine phosphorylation was reduced in the WAT of DIO mice, and treatment with TLR2 ASON partially reversed this alteration. Total IRS1 protein expression was the same in all samples (Fig. 5A) . Insulin-induced AKT phosphorylation was also reduced in the WAT of DIO mice. However, when these mice were treated with TLR2 ASON, there was an improvement in insulin-induced AKT phosphorylation. Total AKT protein expression was the same in all samples. Equal protein loading in the gels was confirmed by reblotting the membranes with an anti-b-actin antibody (Fig. 5B) .
The phosphorylation of IRS1 at Ser 307 in the WATof mice fed a standard chow and treated with TLR2 ASON did not differ from that in TLR2 NSON-treated mice. As expected in the WAT of DIO mice, there was an increase in the phosphorylation of IRS1 at Ser 307 , and the treatment with TLR2 ASON partially reversed this alteration (Fig. 5C ).
Discussion
The consumption of a high-fat diet is one of the major causes of obesity and insulin resistance. However, the molecular mechanism by which DIO leads to insulin resistance and a state of abnormal inflammatory response are not completely understood (Kadowaki et al. 2003 , Barreiro et al. 2004 , Bray 2004 , Araujo et al. 2005 , Prada et al. 2005 , Tsukumo et al. 2007 . Our data showed an increased expression of TLR2 in the muscle and WAT of DIO mice, and treatment with TLR2 ASON improves the insulin resistance of these mice, suggesting that TLR2 is an important modulator in the crosstalk between inflammation and metabolic pathway in DIO. However, in mice fed on standard chow, the inhibition of TLR2 did not cause an improvement in insulin sensitivity. This is probably due to the fact that TLR2 has a role in insulin resistance in obesity, but does not have a central role in the control of insulin sensitivity and signaling in physiological conditions.
A recent study showed that palmitate treatment of differentiated C2C12 myotubes results in a time-dependent inhibition of insulin-activated signal transduction, specifically tyrosine phosphorylation of the insulin receptor and the phosphorylation of AKT. Palmitate also induced the production of significant amounts of IL6 and the phosphorylation of p38 and MAPK8. Additionally, palmitate induced a rapid activation of TLR2 signal transduction in a time-dependent manner. Treatment of cells with a monoclonal antagonist antibody anti-TLR2 blocked the subsequent induction of IL6 production and restored the insulin-induced AKT phosphorylation (Senn 2006 ). Therefore, cell culture data provide convincing evidence that fatty acids leads to insulin resistance at least in part through TLR2.
Our data show that, in the muscle and WAT of DIO mice, there is an increase in TLR2 expression, a modulation that might have a role in insulin resistance in these animals. Upon stimulation, TLR recruits IL1R1-associated protein kinases via adaptor protein MYD88 and finally induces the activation of nuclear factor-kB and mitogen-activated protein kinases, as well as the expression of inflammatory cytokines (Aderem & Ulevitch 2000 , Heldwein & Fenton 2002 , Akira & Sato 2003 . Our data demonstrate that, in the muscle and WAT from DIO mice, MYD88 associates with the TLR2, activating downstream kinases such as IKK, weakening insulin signal transduction, and reducing the glucose disappearance rate. The reduced insulin sensitivity of DIO mice, as demonstrated by reduced glucose disappearance rate, high insulin levels, and higher HOMA-IR, was improved when these mice were treated with TLR2 ASON. The blunted insulin-stimulated IRS1 tyrosine (941) phosphorylation and phosphorylation of AKT in the muscle of DIO mice was restored in the DIO mice treated with TLR2 ASON, providing a biochemical correlate for increased in vivo insulin sensitivity. Serine phosphorylation of IRS1 has been proposed as a general mechanism of functional inhibition of the IRS1 protein, and Ser 307 phosphorylation has become a molecular indicator of insulin resistance (Aguirre et al. 2002 , Gao et al. 2002 , Hirosumi et al. 2002 , Lee et al. 2003 . Ser 307 phosphorylation was induced by the high-fat diet in the muscles and WAT of DIO mice, accompanied by a reduction in insulin-induced IRS1 tyrosine (941) phosphorylation levels. This regulation of IRS1, induced by the DIO, was rescued in the DIO mice treated with TLR2 ASON.
Ser 307 is reported to be a phosphoacceptor of MAPK8 and IKK (Aguirre et al. 2002 , Gao et al. 2002 ) and, as previously described (Yuan et al. 2001 , Hirosumi et al. 2002 , our results also show that both kinases are activated the in tissues of DIO controls. It is well known that the activation of TLR2 induces a complex signaling pathway that activates IKK and MAPK8 (Takeda et al. 2003) . Our data, demonstrating that the inhibition of TLR2 expression rescues the tissues from the activation of IKK and MAPK8 and from the insulin resistance, suggest that TLR2 is a key modulator in the crosstalk between inflammatory and metabolic pathways. However, the fact that the activation of IKK leads to the insulin resistance is not uniformly observed (Polkinghorne et al. 2008) .
In the past 2 years, different studies showed that TLR4 has an important role in obesity-induced insulin resistance, and that mice with a loss-of-function mutation or knockout for TLR4 are protected from diet-induced insulin resistance (Senn 2006 , Shi et al. 2006 , Song et al. 2006 , Kim et al. 2007 , Nguyen et al. 2007 , Poggi et al. 2007 , Poulain-Godefroy & Froguel 2007 , Tsukumo et al. 2007 . Our data show that TLR2 may also have a role in the interface of subclinical inflammation and insulin resistance in DIO mice.
In summary, our data, showing that the inhibition of TLR2 expression rescues the cells from the activation of IKK and MAPK8 and insulin resistance in the DIO mice, indicate that TLR2 is a key modulator in the crosstalk between Figure 5 Effect of the inhibition of TLR2 on insulin sensitivity in WAT. Total white adipose tissue lysates were separated by western blotting and immunoblotted with the respective antibodies described in the Methods section (nZ6 mice per group). Each bar represents the meanGS.E.M. of three experiments. Representative blots are shown. (A) Insulin-induced phosphorylation of IRS1 (Tyr941). To determine the protein levels of IRS1, the membranes were stripped and reprobed with anti-IRS1. (B) Insulin-induced serine phosphorylation of AKT. To determine the protein levels of AKT, the membranes were stripped and reprobed with anti-AKT. Equal protein loading in the gels was confirmed by reblotting the membranes with an anti-b-actin antibody. (C) Ser 307 phosphorylation of IRS1. Equal protein loading in the gels was confirmed by inflammatory and metabolic pathways. We, therefore, suggest that a selective interference with TLR2 presents an attractive opportunity for the treatment of obesity, insulin resistance, and type 2 diabetes.
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